Abstract Our novel proposal is that TNFa exerts a direct effect on mitochondrial respiratory function in the heart, independently of its cell surface receptors. TNFa-induced cardioprotection is known to involve reactive oxygen species (ROS) and sphingolipids. We therefore further propose that this direct mitochondrial effect is mediated via ROS and sphingolipids. The protective concentration of TNFa (0.5 ng/ml) was added to isolated heart mitochondria from black 6 9 129 mice (WT) and double TNF receptor knockout mice (TNFR1&2 -/-). Respiratory parameters and inner mitochondrial membrane potential were analyzed in the presence/absence of two antioxidants, N-acetyl-Lcysteine or N-tert-butyl-a-(2-sulfophenyl)nitrone or two antagonists of the sphingolipid pathway, N-oleoylethanolamine (NOE) or imipramine. In WT, TNFa reduced State 3 respiration from 279.3 ± 3 to 119.3 ± 2 (nmol O 2 /mg protein/min), increased proton leak from 15.7 ± 0.6% (control) to 36.6 ± 4.4%, and decreased membrane potential by 20.5 ± 3.1% compared to control groups. In TNFR1&2 -/-mice, TNFa reduced State 3 respiration from 205.2 ± 4 to 75.7 ± 1 (p \ 0.05 vs. respective control). In WT mice, both antioxidants added with TNFa restored State 3 respiration to 269.2 ± 2 and 257.6 ± 2, respectively. Imipramine and NOE also restored State 3 respiration to 248.4 ± 2 and 249.0 ± 2, respectively (p \ 0.01 vs. TNFa alone). Similarly, both antioxidant and inhibitors of the sphingolipid pathway restored the proton leak to pre-TNF values. TNFa-treated mitochondria or isolated cardiac muscle fibers showed an increase in respiration after anoxia-reoxygenation, but this effect was lost in the presence of an antioxidant or NOE. Similar data were obtained in TNFR1&2 -/-mice. TNFa exerts a protective effect on respiratory function in isolated mitochondria subjected to an anoxia-reoxygenation insult. This effect appears to be independent of its cell surface receptors, but is likely to be mediated by ROS and sphingolipids.
Introduction
It is now well established that inflammatory cytokines, including tumor necrosis factor alpha (TNFa), are implicated in the consequences of various cardiovascular events including ischemia/reperfusion (see review [31] ). The cardiac effects of TNFa are bidirectional, including both negative inotropic and cardioprotective effects [43] . Recent studies suggest that this dual role of TNFa is dependent on which of its receptors are activated [18, 51] . TNFR1 (p55) and TNFR2 (p75) are the two distinct cell surface receptors mediating the effects of TNFa, both of which are present in cardiomyocytes [48] . We have previously demonstrated that a low concentration of TNFa confers protection against ischemia-reperfusion injury in the heart [22] . Moreover, the genetic depletion of TNFa precludes the capacity to evoke the cardioprotective program of ischemic preconditioning [45] or postconditioning [18] . Although we have begun to dissect out the signaling networks governing this cardioprotection, the cellular effectors are unknown [17, 20, 21, 23] . Interestingly, data are emerging which support a direct effect of TNFa on mitochondrial respiratory function. This includes studies showing that TNFa can inhibit mitochondrial electron transfer [19] and promote mitochondrial uncoupling [6] while TNFa, via an intracellular trafficking pathway, appears to bind to the outer mitochondrial membrane [24, 25] .
We therefore reasoned that a novel mechanism by which TNFa could confer its cardioprotection might, at least in part, be via the direct modulation of mitochondrial respiratory function. In this study, we show that administration of TNFa to a cardiac mitochondrial preparation or saponinpermeabilized cardiac muscle fibers from wild type and TNFR1&2
-/-mice has selective effects on mitochondrial respiratory function independent of its binding to cell surface receptors. These effects include: a reduction in the State 3 respiration, uncoupling protein (UCP) dependent induction of a proton leak, a decrease in membrane potential, inhibition of glutamate-dependent respiration, and an enhanced rate of respiratory recovery after anoxiareoxygenation injury. In addition, we suggest that this effect is mediated via reactive oxygen species and the sphingolipid pathway, both known to be present in mitochondria and possibly activated in the presence of TNFa [7, 22, 36] .
Materials and methods
All experiments were performed using adult male black 6 9 129 mice (WT) and double TNF receptor knock out mice (TNFR1&2 -/-) at 10-12 weeks of age (weighing 20-25 g) in accordance with the Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health [NIH Publication No. 85 (23), revised 1996]. All procedures were approved by the Faculty of Health Sciences Animal Ethics Committee, University of Cape Town.
Isolation of mitochondria and permeabilized fibers
Mice were anesthetized with 50 mg/kg intraperitoneal sodium pentobarbitone and 25 IU heparin. Mitochondria and permeabilized fibers were extracted from the heart tissue as previously described [28, 46, 49] , and mitochondrial protein content was determined by a modified method of Lowry [37] . All respiratory parameters and membrane potential were corrected per mg of protein for isolated mitochondria and per mg of dry weight for permeabilized fibers (the content of the respirometer chamber was removed at the end of each experiment and dried out in a 60°C oven before being weighed).
Respiration studies
Mitochondrial respiratory parameters were evaluated using an Oxytherm respirometer equipped with a Clark type electrode and a Peltier temperature control unit (Hansatech, Norfolk, UK) with all experiments performed at 25°C as previously described [28] . A TNFa dose-response curve was performed on isolated mitochondria at final concentrations ranging from 0 to 20 ng/ml. Glutamate (10 mM) and malate (5 mM) were used as substrates to stimulate electron transport activity at Complex I and examine the integrity of oxidative phosphorylation and the TCA cycle. To stimulate electron transport activity at Complex II, succinate was used. ADP given at a final concentration of 350 lM was used to trigger State 3 respiration. Oxidative phosphorylation-independent proton kinetics were evaluated with the addition of oligomycin (1 lg/ml) to prevent ATP synthesis [34] . The rate of respiration after the addition of oligomycin is termed State 3b, and the proton leak is calculated as a percentage of the ratio of State 3b/State 3. Inducible proton leak measurements were performed in the presence of succinate and oligomycin. Guanosine diphosphate (GDP 500 lM, final concentration) was then added, with succinate as the substrate, to assess the response of the mitochondria to this uncoupling protein inhibitor, and the percentage proton leak calculated as for the baseline proton kinetics. In a separate set of experiments, isolated mitochondria or permeabilized fibers were subjected to 25 min anoxia/5 min reoxygenation. State 3 respiration was assessed, and percentage respiration recovery was determined by calculating the ratio of State 3 respiration preand post-anoxia as described previously [30, 42] . Where appropriate, the antioxidants, N-tert-butyl-a-(2-sulfophenyl) nitrone (2-SPBN) and N-acetyl-L-cysteine (NAC) or the inhibitors of sphingosine metabolism, N-oleoylethanolamine (NOE) and imipramine (IMI) were added to the buffer 1 min before the addition of isolated mitochondria.
Mitochondrial inner membrane potential JC-1 dye (5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolocarbocyanide iodide) was employed to detect the change in mitochondrial membrane potential (Dw m ). Isolated heart mitochondria were stained with JC-1 (5 lM; Molecular Probes) [27] . The suspension was kept at 37°C for 5 min, and then analyzed on a BectonDickson FACs Calibur flow cytometer. JC-1 aggregates at high Dw m and can be excited at 488 nm. JC-1 exhibits a membrane potential-dependent accumulation in the mitochondria, indicated by a fluorescence emission shift from green at 525 nm (FL-1) to red at 585 nm (FL-2) due to concentration-dependent formation of red-fluorescent J-aggregates [9, 38] . Consequently, mitochondrial depolarization is indicated by a decrease in the red/green fluorescence intensity ratio, which is dependent only on the membrane potential and not on other factors such as mitochondrial size, shape, and density. As a negative control, unstained mitochondria were analyzed. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP, 0.1 lM), a mitochondrial membrane disrupter, was used as a positive control.
ATP synthesis
The amount of ADP that was phosphorylated to ATP over a timed period was evaluated by a modified method of Budnikov [5] in which luciferin-luciferase luminometry is used to measure the rate of ATP synthesis. Briefly, isolated mitochondria were added to synthesis buffer (final concentrations: 150 mM sucrose, 75 mM KCl, 5 mM KH 2 PO 4 , 2.5 mM MgCl 2 , 3 lM rotenone) and warmed to 25°C. After 60 s of equilibration period, TNFa (0.5 ng/ml) was added to the buffer. ADP (350 lM) was then added to both control and TNFa-exposed mitochondria. A zero time sample was taken, and thereafter, a sample was taken every 10 s for 1 min. These samples were added directly into cold 2.5% trichloroacetic acid to arrest the reaction and release ATP. Tris base (1 M) was used to neutralize the reaction, and the samples were frozen at -80°C until analysis. Data were expressed as lM ATP/mg protein.
Chemicals and pharmacological agents JC-1 was obtained from Molecular Probes, USA. JC-1 was dissolved in DMSO, with a final concentration of DMSO which was less than 0.02%. Murine recombinant TNFa was obtained from PeproTech Inc., Israel. Unless otherwise stated, all chemicals used were obtained from Merck, Darmstadt, Germany.
Statistical analysis
Data are presented as mean ± SEM. Comparisons between multiple groups were performed by one-way ANOVA followed by Tukey-Kramer multiple comparisons test (Instat, GraphPad Software Inc.). Comparison between animal strains was performed by two-way ANOVA (Prism, GraphPad Software Inc.). Comparison between two groups was performed by the Student's t test. A value of p \ 0.05 was considered statistically significant.
Results

Dose-response curve
The rate of State 3 respiration in CTL mice was in agreement with data from previous studies [28, 41] . Addition of TNFa decreased State 3 respiration (nmol O 2 /mg protein/ min) from 263 ± 5.6 in the CTL to 165.43 ± 6.2 for 1 ng/ml TNFa (p \ 0.01) and to 163.5 ± 8.9 for 0.5 ng/ml TNFa (p \ 0.05). Higher concentrations of TNFa (10-20 ng/ml) decreased State 3 respiration in a dose-dependent manner (Fig. 1a) .
Effect of TNFa in isolated heart mitochondria Addition of TNFa (0.5 ng/ml) to a suspension of isolated mitochondria decreased State 3 respiration (in nmol O 2 /mg protein/min) from 279.3 ± 3 (control) to 119.3 ± 2 (TNFa) in the WT hearts, p \ 0.05 versus control and from 205.2 ± 4 (control) to 75.5 ± 1 (TNFa) in mitochondria isolated from TNFR1&2 -/-hearts, p \ 0.05 versus control (Fig. 2a) . In permeabilized fibers, State 3 respiration (in nmol O 2 /mg protein/min) was also decreased by the addition of 0.5 ng/ml TNFa from 140 ± 13 (CTL) to 30 ± 2 (TNFa) in WT and from 196 ± 30 (CTL) to 49 ± 3 (TNFa) in TNFR1&2 -/-, p \ 0.001 for both groups (Fig. 2b) . TNFa at 0.5 ng/ml reduced the RCI in WT mitochondria from 4.3 ± 0.1 (CTL) to 2.2 ± 0.1 (TNFa) and in the double receptor knock out from 8.4 ± 0.9 (CTL) to 5.4 ± 1.0 (TNFa), p \ 0.05 for both groups (Fig. 2c) . The RCI was decreased in a similar manner in permeabilized fibers in both WT and TNFR1&2 -/-p \ 0.05 for both groups (Fig. 2d ). Similar State 3 levels have been previously reported in the literature [28, 41] . TNFa increased the proton leak in isolated WT mitochondria from 15.8 ± 0.6 to 43.2 ± 3% (p \0.001 vs. control) and in TNFR1&2 -/-mitochondria from 12.6 ± 0.9 to 31.5 ± 2.7, p \ 0.001 versus control (Fig. 2e) . Similarly, the proton leak was increased with the addition of TNFa in permeabilized fibers from 14.1 ± 0.5 to 35.0 ± 0.6 in WT, and from 13.6 ± 1.0 to 30.5 ± 0.3 in TNFR1&2 -/-hearts, p \ 0.001 (Fig. 2f ). In addition, the degree of depolarization of the inner mitochondrial membrane was modestly decreased to 56% compared to the normalized control group (p \ 0.05; Fig. S2A , supplementary data).
The effect of TNFa on mitochondrial respiration is abrogated by antioxidants or sphingolipid pathway inhibitors
Addition of the antioxidants NAC and 2-SPBN in the presence of TNFa in WT cardiac mitochondria restored the State 3 respiration to 269.2 ± 2 nmol O 2 /mg protein/min for TNFa ? NAC (p \ 0.05 vs. TNFa) and 257.6 ± 2 nmol O 2 /mg protein/min for TNFa ? 2-SPBN (p \ 0.05 vs. TNFa) (Fig. 3a) . Addition of NAC did not abolish the decrease in State 3 respiration induced by 20 ng/ml TNFa (data not shown). Addition of antioxidants without TNFa had no effect on State 3 respiration compared to control mitochondria (supplementary figure S1A). (Fig. 3a) and 249.0 ± 2 nmol O 2 /mg protein/min (p \ 0.05 vs. control) (Fig. 3a) , respectively. Addition of NOE did not abolish the decrease in Fig. 3 Effect of antioxidants and sphingolipid inhibitors in TNFamediated uncoupling of wild-type mouse mitochondria. TNFa (0.5 ng/ml) was added directly to isolated mouse heart mitochondria or permeabilized fibers in the presence of NAC (N-acetyl-cysteine, 30 lM), 2-SPBN (N-tert-butyl-a-(2-sulfophenyl)nitrone sodium, 10 lM), IMI (imipramine, 10 lM) or NOE (N-oleoyl ethanolamine, 5 lM), and State 3 respiration, RCI, and proton leak were assessed. a The effect of TNFa on State 3 respiration was attenuated in the presence of antioxidants or sphingolipid pathway inhibitors in isolated mitochondria. b The effect of TNFa on State 3 respiration was reversed with the addition of NAC or NOE in permeabilized fibers. c Antioxidants and sphingolipid pathway inhibitors abolished the effect of TNFa on RCI in isolated mitochondria. d Antioxidants and sphingolipid pathway inhibitors abolished the effect of TNFa on RCI in permeabilized fibers. e The increase in proton leak observed with TNFa was abrogated in the presence of antioxidants or sphingolipid pathway inhibitors in isolated mitochondria. f NAC and NOE abolished the increase in proton leak observed with addition of TNFa in permeabilized fibers. *p \ 0.05 versus CTL; sphingolipid metabolism had no effect on the State 3 respiration in the absence of TNFa, compared to control mitochondria (Supplementary figure S1) . In permeabilized fibers from both the WT and TNFR1&2 -/-, the presence of TNFa was associated with an increase in State 3 respiration (in nmol O 2 /mg dry weight/min) when challenged with NAC or NOE from 49.0 ± 3.4 to 88.2 ± 3.9 and 107.3 ± 2.5, respectively (p \ 0.05 vs. TNFa) (Fig. 3b) . Moreover, the decrease in RCI observed in the presence of TNFa was reversed by NAC and 2-SPBN to 4.4 ± 0.2 and 3.9 ± 0.6, respectively (p \ 0.05 vs. TNFa) (Fig. 3c) . Similarly, imipramine and NOE reversed the effect of TNFa on RCI in WT mitochondria (Fig. 3c) . A similar trend was observed in permeabilized fibers, with TNFa decreasing the RCI in the WT from 4.3 ± 0.1 to 1.3 ± 0.1 (p \ 0.05 vs. CTL) and in the TNFR1&2 -/-from 8.4 ± 0.9 to 3.1 ± 0.3 (p \ 0.05 vs. CTL) (Fig. 3d) .
Antioxidants or sphingolipid pathway inhibitors abrogate direct effect of TNFa on proton leak
The proton leak was restored by the presence of the antioxidant, 2-SPBN in WT control mitochondria (16.2 ± 1.3%, p \ 0.05 vs. TNFa; Fig. 3e) . Fig. 3e ). Both antioxidants given alone had no effect (Fig. S1B, supplementary data) . In WT mitochondria, the inhibitors of sphingolipid metabolism, NOE or imipramine abolished the increase on the proton leak of TNFa, restoring the value to 16.6 ± 0.7 and 15 ± 1.6%, respectively (p \ 0.05 vs. TNFa) (Fig. 3e) . Both inhibitors of sphingolipid metabolism when given alone did not alter the proton leak versus control (Fig. S1B, supplementary  data) . Similar data were observed in permeabilized fibers when antioxidants and sphingolipid metabolism inhibitors were given with TNFa (Fig. 3f) .
Effect of TNFa on respiratory recovery after anoxia-reoxygenation TNFa (0.5 ng/ml) improved the recovery in the State 3 respiratory rate to 59.4 ± 6 and 75.1 ± 9% in WT animals and TNFR1&2
-/-, respectively (p \ 0.05 vs. their respective controls) (Fig. 4a) . Addition of NAC or NOE reversed the effect of TNFa, returning the percentage recovery to that of the controls, while the addition of NAC or NOE alone demonstrated no difference versus the controls (Fig. 4b) . Fig. 4 Effect of TNFa on respiratory recovery in the presence/ absence of antioxidants, or sphingolipid pathway inhibitors TNFa (0.5 ng/ml) was added directly saponin-permeabilized cardiac muscle fibers. Following anoxia, the preparation was reoxygenated via pipetting air into the buffer, and the State 3 respiratory rate was assessed. The percentage recovery data from permeabilized fibers represents the percentage recovery of State 3 respiration after the anoxia/reoxygenation and is calculated as the ratio between State 3b (occurring after anoxia/reoxygenation) and State 3a (baseline respiration), *p \ 0.05 versus CTL. The percentage recovery was reduced with TNFa in the presence of either NAC or NOE, *p \ 0.05 versus CTL; n = 6 for all groups
ATP synthesis in isolated mitochondria
The ATP synthesis measured in isolated mitochondria was decreased from 0.53 ± 0.06 (control) to 0.23 ± 0.07 lM/mg protein (TNFa) in the presence of TNFa (0.5 ng/ml), p \ 0.05 versus CTL, reinforcing the reduced State 3 respiration findings (Fig. 5) .
Effect of closure of mPTP on respiratory parameters in permeabilized fibers
In permeabilized fibers from WT or TNFR1&2 -/-animals, addition of 0.2 lM cyclosporine-A (CsA), a well-known inhibitor of the mitochondrial permeability transition pore (mPTP), did not alter State 3 respiration observed with 0.5 ng/ml or 20 ng/ml TNFa (Fig. 6a) . Addition of CsA together with 0.5 ng/ml TNFa reversed the decrease in RCI from 4.3 ± 0.1(CTL) to 5.3 ± 1.1 in WT (p \ 0.05) and to 7.7 ± 1.1 with 20 ng/ml TNFa (p \ 0.01) (Fig. 6b) . Similarly, CsA reversed the increase in proton leak in both WT and TNFR1&2
-/-to 19.5 ± 8% (p \ 0.001) in WT and in TNFR1&2 -/-to 10 ± 2.0% (p \ 0.001) (Fig. 6c) . Surprisingly, when CsA was given with 20 ng/ml TNFa, further increase in the proton leak occurred in both WT and TNFR1&2 -/-to 54.5 ± 3.3 and 47.8 ± 3.1%, respectively (Fig. 6c) . The recovery of State 3 respiration after anoxia-reoxygenation that was observed with both concentrations of TNFa (0.5 ng/ml and 20 ng/ml) were not altered with the administration of CsA in both WT and TNFR1&2
-/-when compared with TNFa alone (Fig. 6d) .
Addition of TNFa to isolated mitochondria induces a GDP-sensitive proton leak
Addition of GDP to TNFa-treated mitochondria decreased the respiration by 29 ± 2 versus 6 ± 2% in the CTL (p \ 0.05 vs. control; Table 1 ), showing that the TNFa treatment promoted a higher rate of GDP-sensitive uncoupled respiration.
Antioxidants and sphingolipid pathway inhibitors reverse the effect of TNFa (0.5 ng/ml) on mitochondrial inner membrane potential TNFa decreased the inner mitochondrial membrane potential of isolated mitochondria to 44 ± 2% versus the normalized control (p \ 0.001). This effect was reversed with the addition of either of the antioxidants, NAC and 2-SPBN or the inhibitors of sphingolipid metabolism, NOE and imipramine. The membrane potential was increased by the putative mitochondrial potassium channel (mK ATP ) antagonist, 5-HD and the mPTP inhibitor, CsA to 172.5 ± 15.9 AU and 210.8 ± 28.9 AU, respectively (p \ 0.05 vs. TNFa) (Fig. S2A, supplementary data) . Antioxidants and sphingolipid metabolism inhibitors given alone did not influence the membrane potential (Fig. S2B, supplementary data) .
Discussion
Our data demonstrate that TNFa, at a concentration of 0.5 ng/ml, exerts an effect on murine mitochondrial respiratory function and on mitochondrial tolerance to an anoxia-reoxygenation stress. This effect is independent of TNFa binding to its cell surface receptors, TNFR1 or TNFR2. In addition, our data strongly suggest that TNFa modulates mitochondrial respiration via ROS and sphingolipids. The main data leading to these conclusions are as follows: (1) isolated cardiac mitochondria or isolated cardiac muscle fibers challenged with a low concentration of TNFa had a decreased State 3 respiration, a reduced inner mitochondrial membrane potential, and a corresponding increase in proton leak; (2) similar data were obtained in isolated preparations from TNFR1&2 -/-mice; (3) addition of TNFa improved the rate of State 3 respiration in mitochondria subjected to a stress induced by anoxia-reoxygenation in both WT or TNFR1&2 -/-mice; (4) this protective effect of TNFa was lost in the presence of antioxidants or inhibitors of the sphingolipids metabolism.
Selection of TNFa concentration
Our group has previously reported that a concentration of 0.5 ng/ml, which corresponds to a physiological range of circulating TNFa levels in rats subjected to an ischemiareperfusion insult [12] , was the optimal concentration to protect the isolated heart [17] or isolated cells against ischemia-reperfusion [13] . Our dose-response curve obtained on isolated mitochondria shows a protective effect at similar concentrations of TNFa (Fig. 1) . Cardiomyocytes produce and release TNFa [11] , and immuno-electron microscopy studies suggest that TNF is localized between myofibrils and mitochondria [16] . Although the amount of TNFa released from isolated cardiomyocytes can attain 
?0.5 ng/ml TNFa 21 ± 1 1 5 ± 1 2 9 ± 2* Succinate and oligomycin respiration represents steady-state oxygen consumption in nmol O 2 /mg protein/min. Addition of GDP reflects the respiratory rate after blockade of UCP-sensitive oxygen consumption. Values are reflected as mean ± SE (n = 6) * p \ 0.05 versus control 1 ng/ml [35, 52] , the physiological concentration range of this cytokine that may surround the mitochondria is unknown. We must, therefore, acknowledge that our doseresponse performed in isolated mitochondria may not correlate to physiological conditions and, as such, poses a critical limitation to our study. Our previous work demonstrated that this low concentration of TNFa reduces the respiratory function and the inner mitochondrial membrane potential in cell suspension, and that this effect was associated with cellular protection prior to a simulated ischemic insult [17] . In earlier studies, where the cytotoxic effects of TNFa were being explored in isolated cardiac mitochondria and mouse fibrosarcoma cell lines, it was noted that at cytotoxic concentrations ranging from 2.5 ng/ml to 10 ng/ml, TNFa inhibits various complexes of the electron transport chain, 3-6 h prior to the onset of cell death [19, 40] . Utilizing a complex I initiating electron transport chain substrate (glutamate and malate), our study shows that the protective concentration of 0.5 ng/ml TNFa improves post-anoxic recovery of respiration in isolated cardiac mitochondria and those within permeabilized fibers. The mechanism, whereby this low concentration of TNFa modifies Complex I activity, remains to be elucidated.
The effects of TNFa on mitochondrial respiration
The reduction in State 3 respiration and inner mitochondrial membrane potential, with an accompanying increase in proton leak in response to mitochondrial exposure to TNFa, is indicative of mild mitochondrial uncoupling. A similar decrease in respiratory parameter occurred in the TNFa-treated mitochondria from TNFR1&2 -/-mice. Addition of 0.5 ng/ml TNFa to isolated WT mitochondria decreased ATP synthesis and increased the GDP-induced respiration. Taken together with the respiratory data, our results suggest the involvement of uncoupling proteins in oxidative phosphorylation uncoupling with TNFa. This modulation of oxidative phosphorylation has previously been shown to be operational in the cardiac tolerant phenotype in response to ischemic preconditioning [6, 29, 32, 33] . In cardiomyocytes, two different populations of mitochondria exist: subsarcolemmal (SSM) which are directly beneath the plasma membrane and interfibrillar (IFM) mitochondria which are situated between the myofibrils [4] , and these two populations differ in their respiratory capacity and calcium retention. In a study by Boengler et al. [44] , they found that there were differences in State 3 respiration between SSM and IFM populations, with ADP being converted to ATP at a faster rate by the IFM. In our saponin-permeabilized cardiac muscle fibers, the population of mitochondria would be the IFM, whereas in our isolated mitochondria these would be the SSM, and this may explain the differences seen in the baseline respiratory parameters. In addition to the different populations of mitochondria, the mitochondria in permeabilized fibers are in their endogenous milieu, which may also contribute to the baseline differences. However, overall, isolated mitochondria and permeabilized fibers gave similar results.
TNFa receptors
In addition to the well-known TNFa cell surface receptors (TNFR1 and TNFR2), a mitochondrial-binding protein for TNFa has been described as a 60-kD protein in the inner mitochondrial membrane [24] . In our study, we used the mitochondria isolated from both wild type and TNFR1& 2-deficient mice to measure State 3 respiration. Mitochondria from the hearts in which the cell surface receptors are absent responded to exogenous TNFa in a similar manner to that observed in the wild type, therefore indicating that the effect of TNFa on respiratory function does not require its cell surface receptors. Our data also support the presence of a mitochondrial TNF-binding protein.
Interestingly, there was a difference in baseline State 3 respiration between the WT and TNFR1&2
-/-mice. State 3 baseline respiration was higher in TNFR1&2
-/-compared with WT, therefore suggesting that endogenous TNFa may contribute to mitochondrial respiration partly via its cell surface receptors. However, addition of TNFa in WT or TNFR1&2 -/-exhibited a similar trend in the decrease of State 3 respiration.
Schulz et al. [39] have referred to the ambivalent role of both TNFa and its receptors in myocardial infarction. Our present study reveals that with no cell surface receptors present, TNFa can still exert an effect on the mitochondria, and this may partly account for the disappointing results obtained in clinical trials where the individual receptors were inhibited.
TNFa activation of ROS and sphingolipids
In isolated hearts or in cells, 0.5 ng/ml of TNFa exerts its effect via the activation of the sphingolipid, ceramide [22] , and reactive oxygen species [17, 23] . There is an existing mitochondrial pool of ceramide in physiological conditions [3] , and TNFa can increase intramitochondrial levels of ceramide through activation of at least two pathways: one mediated by sphingomyelinase and the other involving de novo synthesis of ceramide [8, 47] . Imipramine, which we have used in our study, exerts its effect by indirectly inhibiting the sphingomyelinase, thus preventing the conversion of sphingomyelin to ceramide. NOE exerts its antagonistic effect by inhibiting ceramide synthase, thus preventing the conversion of ceramide to sphingosine. The exact role of ceramide within the mitochondria still remains to be elucidated, but our study provides firm evidence that it can mediate the effect of TNFa on the mitochondrial respiratory status, possibly via sphingosine formation as previous studies have demonstrated that a low concentration of sphingosine is also cardioprotective [14, 15, 50] . Interestingly, in the presence of 20 ng/ml TNFa, addition of NAC or NOE to mitochondria did not abolish the significant decrease in State 3 respiration, whereas at the low, protective concentration of 0.5 ng/ml TNFa the decrease in State 3 respiration was abrogated. These results suggest that the higher concentration of TNFa may exert its deleterious effects either by (1) excessive production of ROS and sphingolipids that cannot be inhibited with our current concentration of inhibitors or (2) independently of ROS formation and the sphingolipid pathway.
Most intracellular oxidative stress originates in the mitochondria [10] , and it is now well established that both TNFa and ceramide can activate ROS formation. A previous study demonstrated that ceramide could activate ROS originating from the mitochondria [7] . There are at least nine known mitochondrial sites that are capable of producing superoxide anion (reviewed [1] ). Complex I and III of the electron transport chain (ETC) have been accepted as major sites of mitochondrial ROS production [26] . TNFa and ceramide are known to induce their effect via the generation of ROS from complex III, but the exact origin of ROS generation in our experimental conditions remains to be elucidated.
TNFa and anoxia-reoxygenation
Our data demonstrating the improved respiratory recovery rate in permeabilized fibers subjected to anoxia-reoxygenation stress in the presence of TNFa suggests that TNFa activates a cardioprotective signaling cascade leading to an increase in State 3 respiration compared to that observed under normoxic conditions. The concept of the existence of a TNFa-binding protein in the inner mitochondrial membrane is strengthened by the fact that this increase in percentage recovery also occurs in the double TNF receptor knockout animals.
Addition of TNFa to permeabilized fibers under normoxic conditions decreased State 3 respiration, and this effect was abolished in the presence of NAC or NOE. However, the improved percentage recovery observed initially after anoxia/reoxygenation in the presence of TNFa was lost with addition of NAC or NOE, therefore suggesting that ROS and sphingolipids are involved in the cardioprotective signaling cascade initiated by TNFa subjected to anoxia-reoxygenation.
CsA inhibits TNFa-induced decrease in membrane potential
Inhibition of the mitochondrial permeability transition pore (mPTP) has been perceived as the ''holy grail'' in cardioprotection [13] . Prevention of mPTP opening during the first seconds of reperfusion represents a powerful tool to protect the heart against ischemia-reperfusion injury [2] . Our data demonstrate that the inner mitochondrial membrane potential was significantly decreased with the addition of 0.5 ng/ml TNFa, and this effect was lost in the presence of the mPTP inhibitor, CsA, therefore suggesting that TNFa may mediate its effect via transient opening of the mPTP.
Reservations
One concern was the purity of our mitochondrial preparation as a percoll-gradient centrifugation is routinely used to isolate relatively pure mitochondria. This technique, however, was not suitable in our hands for adequate mitochondrial respiration in a murine preparation. To confirm that cell surface membrane remnants were not present in our mitochondrial preparation from wild-type mice, we also isolated heart mitochondria from TNFR1&2 -/-mice in which both TNF receptors are absent. The data obtained after addition of TNFa to these mitochondria gave similar results to wild-type mice, therefore strongly suggesting that this effect is not related to the presence of TNF receptors. Indeed, these results support the presence of a mitochondrial TNF-binding protein although it should also be mentioned that characterization of this binding protein has not yet been accomplished, and its existence remains somewhat controversial.
Another concern was that isolated mitochondria removed from their natural environment may behave differently. To address this concern, we repeated our experiments on respiratory functions, proton leak and anoxiareoxygenation experiments with saponin-permeabilized cardiac muscle fibers in which the mitochondria are situated in their endogenous milieu. The results from permeabilized were similar to that obtained from isolated mitochondria, thus validating the isolated mitochondrial preparation.
With the isolation technique used in our laboratory to obtain a sufficient number of viable, respiring mitochondria from mouse hearts, we cannot guarantee a totally pure mitochondrial suspension. As a consequence, we cannot exclude the possibility that TNFa-induced sphingolipid production could occur outside of the mitochondria. However, our experiments conducted in TNFR1&2
-/-mice demonstrate that, should TNFa-induced sphingolipid production occur outside of the mitochondria, this production is still independent of the cell surface receptors.
The contribution of these many mitochondrial perturbations to the protective action of TNFa and the mechanisms involved remain to be delineated.
In the future, the technology required to measure exact amounts of TNFa produced by cardiomyocytes may become available. In that case, future studies will be required to define whether the concentration used in our system corresponds to physiological values.
Conclusion
Finally, these novel results demonstrate that a low concentration of TNFa exerts an effect on cardiac mitochondrial respiration function, either by partial inhibition of electron flux through Complex I, or by modest mitochondrial uncoupling. Most importantly, this effect occurs independently of its cell surface receptors, but requires the presence of ROS and sphingolipids and, speculatively, the activation of mitochondrial uncoupling proteins, as demonstrated by the greater inducible proton leak in mitochondria exposed to TNFa and the decrease in ATP synthesis. The recovery after anoxia-reoxygenation suggests that addition of TNFa ''preconditions'' the mitochondria so that they are capable to withstand the stress of anoxia by decreasing their rate of respiration and synthesis of ATP. Our data open a novel approach mitochondrialcentered approach to TNFa-induced protection against ischemia-reperfusion injury.
